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THE  HOLE  or  RBCIPBOCin  ZN  THEHttL  BADIATIOE  DANAOB 

ProbliKt  "RBelprooity”  in  thwnul  radintlon  studlna  i^pllas  a  eritloal 
expoanra  leral  nhieh  la  indapandant  of  irradlanea,  uaing  an  axbltrarjr  erl> 
tarlon  to  aatabllah  thla  eritloal  laral.  Tha  porpoaa  of  thia  work  vaa  to 
point  oat  ainllaritiaa  in  baharior  of  a  fav  diraraa  aatarlala*  to  aid  in  an 
ondaratanding  of  thla  baharior  in  tama  of  thaoratleal  aelutiona,  and  to 
indleata  tha  aaalblnaaa  of  tha  anpirical  approaeh. 

Mathodi  Tha  origin  of  tha  raeiproeitj  eondition  in  aaparinadtal  atudlaa 
la  brlafly  axaiinad  and  ita  algnifieanea  in  thamal  radiation  atodiaa  la  oon- 
aidarad.  Thaoratleal  oalealationa  on  aani-infinita  and  Inanlatad-alab  heat- 
flov  aodala  in  ona  dinenalon  ara  praaantad  aa  a  gaida  for  latar  conaidarationa. 
Exparlaantal  data  ara  praaantad  vhieh  vara  obtained  bjr  axpoalng  fire  diffarant 
typea  of  natarial  to  radiation  fron  the  earbon-are  and  aolar  fomaca  inaging 
aooroaa.  Theaa  data  are  then  analysed  for  their  reciprocltjr  "failurea". 

Conolaaionai  The  nethod  of  thamal  data  praaantatlon  which  plota  tha 
log  of  critic  '’  axpoaure  leral  against  log  of  pulaa  length  ia  genaral  anough 
for  data  oonparlaon  and  aoae  baharior  identification.  Alao«  the  nae  of  a 
theoretical  criterion  each  aa  aohievanant  of  an  arbitrary  ■axlnon  teaparatora 
yielda  raluable  Inalght  into  raeiproeity  devlationa.  Moat  natariala  cannot 
uaually  ba  axpeotad  to  ahow  reciprocity’  over  the  nomal  range  of  pulaea  naad 
in  thamal  radiation  atudiaa.  An  application  of  the  anpirieal  approach 
which  would  nake  it  poaaible  to  create  uaefol  thamal  alamlatora  can  ba 
baaed  on  the  "reciproelty”  behavior,  and  the  auooeaa  of  ainulation  can  ba 
naaaured  by  ainilar  eurrea  of  critical  axpoaure  veraua  pulaa  duration. 
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THE  ROLE  OF  RBCIPROCITT  IN  THEBUL  I^^UTIOR  DAHAOE 


I.  IHTBODUCTIOll 

The  eoneapt  of  reciprocity  occurs  throuEhout  the  literature  of  radi¬ 
ation  effects*  regardless  of  the  spectral  region  inrolved  or  the  nature  of 
the  radiation.  Reciprocity  is  usually  assuaed  to  iaplj  a  critical  radiation 
exposure  level  which  is  independent  of  radiation  intensity*  using  a  suitably 
defined  criterion  to  establish  this  critical  level.  Departure  froei  such  an 
independent  relationship  is  often  tensed  'Veciprocity  failure"*  and  auch  of 
the  work  pertaining  to  radiation  effects  or  radiation  daaage  is  concerned 
with  detailed  investigations  of  reciprocity  failure. 

This  paper  deals  with  a  coaparison  of  various  daaaging  effects  pro¬ 
duced  by  radiation  in  the  visible  and  near  inAra-red  regions  of  the  electro - 
Bwgnetic  radiation  spectrua*  usually  referred  to  as  "themal  radiation** 
which  has  its  origin  in  luminous  sources  at  effective  tenperatures  near 
6000*^.  The  criteria  of  danage  are  d'^ferent  for  each  aaterial*  but  are 
generally  classified  according  to  the  appearance  of  specific  discernible 
phenomena  at  or  near  the  surface  of  exposed  saaples.  In  addition*  idealised 
materials  and  effects  are  discussed  in  order  to  gain  perspective  in  under¬ 
standing  the  mechanisms  of  thermal  radiation  dasuge. 

II.  OTHER  RECIPIPCITY  IHYESTIOATIOES 

A.  Photographic  Brolsions 

The  failure  of  photographic  emulsions  to  show  a  constant  sensitiv¬ 
ity  at  all  intensities  of  incident  light  led  early  investigators  to  stu4y 
the  reciprocity  problem.  Although  the  exposure  level  concerned  is  much 


leas  than  that  encountered  In  thermal  radiation  damage,  it  is  nevertheleaa 
useful  to  examine  the  behavior  of  a  typical  emulaion  and  the  reasons  for  its 
reciprocity  failure. 

The  formation  of  the  photographic  effect,  measured  by  the  density  of 
the  developed  emulaion,  depends  upon  a  photochemical  reaction  with  the 
incident  radiation,  whereby  several  quanta  of  radiation  are  absorbed  by  a 
silver  halide  grain,  rendering  it  developable.  The  latent  image  consists  of 
free  silver  atoms  which  congregate  at  sensitised  spots  on  the  grains  due  to 
the  excess  of  electronic  charge  produced  in  the  reaction  of  quanta  with  the 
halide.  During  development  the  exposed  silver  halide  grains  are  reduced  to 
metallic  silver  preferentially,  leading  to  an  optical  density  which  increases 
with  exposure  and  is  proportional  to  the  number  of  silver  grains  per  unit 
volume. 

Although  the  amount  of  the  product  in  a  photochemical  reaction  depends 
only  upon  the  absorbed  energy  and  not  on  the  rate  of  absorption,  it  is  found 
that  the  developed  density  of  a  photographic  emulsion  does  not  follow  such  a 
reciprocity  relationship.  The  data  in  Fig.  1  show  the  variation  in  exposure 
level  required  for  constant  density  over  a  range  of  exposure  durations  at 
microns.  (This  form  of  data  presentation  is  one  which  we  shall  use 
also  for  thermal  damage.)  These  data  were  taken  from  curves  reproduced  by 
James  and  Higgins^  and  plotted  originally  by  Webb*.  The  criterion  for  the 
exposure  levels  determined  at  each  exposxire  time  was  that  the  same  (medium) 
density  be  measured.  This  particular  emulsion  shows  a  mlnlmtun  in  the 
critical  exposure  level  at  about  3  seconds;  the  extensive  data  accumulated 
by  Webb  showed  that  the  form  of  this  curve  was  quite  dependent  upon 
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temperature  and  wave  length.  Howevery  we  shall  not  discuss  these  variations 
here. 

The  accepted  explanations  of  reciprocity-law  failure  in  this  case 
apply  separately  to  the  long  exposures  (low-intensity)  and  short  jaxposures 
(high-intensity).  The  former  is  believed  to  be  caused  by  thermal  disinte¬ 
gration  of  the  latent  image  through  ejection  of  electrons  at  the  sensitized 
regions^  with  subsequent  diffusion  of  silver  ions.  In  alternative  ejqplan- 
ation  attributes  this  low-intensity  failure  to  recoi^ination  of  the  silver 
and  halide  ions.  In  eitl»r  case>  the  length  of  the  exposure  and  the  avail¬ 
ability  of  some  thermal  energy  are  necessary. 

The  hlgh-intenslty  reciprocity  failure  is  apparently  caused  by  slug¬ 
gishness  of  the  migrating  silver  ions,  which  cannot  keep  up  with  the  rate 
of  liberation  of  electrons  and  thus  limits  the  rate  of  growth  of  sensitized 
areas  on  the  grain  surface.  Thus  both  the  high-  and  low-intensity  regions 
can  be  qualitatively  explained  in  terms  of  the  photochemical  mechanism  which 
governs  the  fundamental  process.  Hopefully,  we  shall  try  to  use  similar 
approaches  to  the  thermal  radiation  problems,  although  photochemical  affects 
probably  do  not  play  an  important  role. 

B,  Skin  Erythema  Produced  by  BV-Radlation 

Claesson,  Juhlin  and  Wettermark  investigated  the  critical  dosage 
required  to  produce  ezythema  in  living  mouse  skin  over  a  very  wide  range  of 
intensities,  using  ultra-violet  light  from  a  flash  photolysis  source  and 
also  from  a  high-pressure  mercury  arc.  The  criterion  in  these  eiq>osures 
was  the  leakage  into  the  irradiated  areas  of  Intravaimsly-lnjected  Evans 
blue,  which  was  graded  and  evaluated  Independently  by  four  persons.  Such 
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leakage  occurs  because  of  capillary  damage,  and  Is  directly  related  to  the 
degree  of  erythema.  The  minimum  exposure  which  caused  blueing  was  measured 
for  each  source  and  at  each  Intensity,  and  It  was  found  that  this  critical 
exposure  remained  constant  at  about  .01  cal  cm"^  over  an  Intensity  range  of 
7  orderp  of  magnitude.  The  exposure  times  used  varied  fl'om  $0  microseconds 
to  700  seconds. 

The  measurement  of  a  constant  critical  exposure  level  over  such  a 
large  range  apparently  suggests  that  the  reciprocity  relationship  Is  obeyed. 
Two  factors  are  significant  In  this  conclusion,  however.  The  first  Is  that 
the  wavelength  region  Is  restricted  to  the  ultra-violet.  Most  of  the  data 
were  taken  with  filters  In  the  source  beam  In  order  to  restrict  the  effect¬ 
ive  radiation  to  a  region  from  250  to  360  millimicrons,  for  both  sources. 

The  maximum  Intensity  for  this  Interval  was  taken  to  occur  at  310  milli¬ 
microns.  Studies  made  by  Blum^  and  In  this  laboratory  by  Cotton,  Gray  and 
Pennlman*  Indicate  that  ultra-violet  light  produces  specific  photochemical 
reactions  within  the  epidermis,  and  that  little  of  the  erythema  so  Induced 
Is  caused  by  heating  of  the  skin.  This  would  tend  to  produce  agreement 
with  the  reciprocity  law. 

The  second  factor  to  consider  Is  that  no  data  were  taken  In  the 
region  of  pulse  durations  from  150  microseconds  up  to  about  10  seconds.  As 
we  shall  sea,  this  covers  the  region  of  Interest  In  thermal  Irradiation 
studies,  where  the  principal  effect  on  all  materials  Is  not  photochemical, 
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but  Is  caused  by  absorption  and  subsequent  heating.  Thus  even  If  heating 
did  play  a  role  In  UV  absorption,  the  pulse  times  used  would  not  correspond 
to  those  where  the  reciprocity  failure  Is  most  critical. 
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III.  THBMAL  RADUnON  DAMAQl 

A.  Effect a  of  Tharmal  Irradlatlop 

The  raaponae  of  a  aaterial  to  Incident  thermal  radiation  naj  rurj  tram 
a  alight  change  in  aurface  appearance  and  structure  to  conplete  deatruction 
of  the  naterial  or  auatained  ignition.  In  order  to  be  able  to  make  quanti- 
tatire  neaaurementa  of  naterial  reaponse  it  ia  neceasarjr  to  elaaaifjr  theae 
reaponaea  according  to  their  nature  or  to  the  nechaniana  which  produce  thMj 
and  it  ia  alao  neceaaary  to  delineate  objectire  criteria  ao  that  the  nininnn 
expoaurea  required  for  their  production  can  be  detemined.  Uaually  a  cri¬ 
terion  ia  aoug^t  which  ia  eaaily  reeogniaed,  either  rlaually  or  through  an 
auxiliary  neaaurenent^  and  which  la  aufflelently  iaportant  in  the  degradation 
proceaa  to  give  a  aignlf leant  degree  of  change.  All  of  the  changea  enployed 
herein  are  irreveraible,  although  it  ia  certainly  poaaible  to  utilise  revere- 
Ible  phenonena.  No  general  atatenenta  can  be  made  regarding  the  rate  at 
which  the  varioua  phenonena  proceed^  but  reveraible  proceaaea  can  probably 
be  deacribed  in  terma  of  reactions  of  various  orders. 

In  most  cases  of  thernal  radiation  damage  we  attenqpt  to  determine 
the  exposure  level  at  which  the  particular  criterion  selected  Just  begins  to 
occur.  This  corresponds  to  the  concept  of  a  threshold  exposure,  even  though 
the  accuracy  of  determination  of  such  thresholds  nay  be  quite  low  due  to 
poor  experimental  conditions  or  iiqpreclse  identification  of  the  criterion. 

In  some  cases,  however,  such  as  skin  bums,  a  threshold  exposure  is  not  even 
defined  since  the  occurrence  of  bums  ia  believed  to  be  governed  by  a  sta¬ 
tistical  distribution  of  ausoeptibllltles.  In  these  cases  the  form  of 
analysis  used  leads  to  an  effective  exposure  level  at  which  a  certain  fraction 
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of  ths  exposed  sanples  will  respond  to  the  radiation  according  to  the 
selected  criterion.  This  type  of  analysis,  conmonly  used  in  biological 
assay  studies'^*",  could  actually  be  applied  to  any  of  the  threshold  experl* 
■sirts  having  experiaental  ‘errors  fron  various  causes,  but  for  data  in  which 
ths  criterion  appears  suddenly,  it  is  probably  superfluous. 

The  materials  in  which  we  are  principally  interested  react  to  thermal 
radiation  as  a  dlx*eet  result  of  the  absorption  of  radiant  energy  and  the 
subsequent  Increase  in  temperature  of  the  medium.  Most  of  ths  materials 
are  opaque  to  the  radiation  frequencies  Involved  so  that  ths  absorption 
takes  place  at  or  very  near  the  fji^nt  surface  of  the  medium.  .Some  effects 
of  diathermancy  (partial  transparency  with  scattering)  do  exist,  but  these 
will  not  be  of  primary  concern  in  this  study.  Likewise,  for  the  very  short 
wavelengths  encountered  in  the  radiation  fron  typical  sources,  there  may  be 
some  photochemical  reactions  which  proceed  Independently  of  ths  temperature 
history,  but  again  these  will  not  be  of  primary  concern.  Selective  absorp¬ 
tion  of  the  radiation  certainly  takes  place  for  most  of  the  materials,  but 
we  shall  assume  that  radiation  not  absorbed  is  simply  reflected  and  that  an 
absorption  coefficient  could  be  measiired  which  would  be  constant  throughout 
the  msasureaients. 

B.  Temperature  Thresholds  in  Ideal  Media 

Although  none  of  the  materials  which  in  practice  are  exposed  to 
damaging  levels  of  thermal  radiation  behave  like  simple  physical  heat  con¬ 
ductors,  it  is  nevertheless  useful  to  calculate  the  propeirtles  of  such 
ideal  media  in  which  no  change  of  state  or  irreversible  change  takes  place. 
Since  our  only  Interest  in  such  media  is  in  the  examination  of  a  reciprocity 


6 


relation  for  bom  arbitrarily  defined  criterion,  we  shall  determine  the  expos* 
ure  Op  required  to  produce  a  glwen  maximum  temperature  rise  during  a  rec* 
tangular  pulse  with  duration  tp.  This  temperature  may  occur  at  a  particular 
location  X,  either  In  a  one-dlMnsional  seni-lnflnlte  solid  or  In  a  finite 
slab  of  thickness  L,  also  one •dimensional. 

The  opaque,  homogeneous,  seml^inflnlte  medium  which  is  irradiated  at 
a  constant  Irradlance  H,  has  a  temperature  rise  giwen*  by 


2bH 

•  /o5  lerfe 


(1) 


where  a  Is  the  absorption  coefficient,  a  Is  the  thermal  dlffuslrity,  t  Is 
the  time,  k  Is  the  thermal  conductivity,  and  x  Is  the  distance  measured  from 
the  firont  surface,  Vhsn  the  pulse  is  cut  off  at  t  ■  tp  It  has  been  demon* 
strated^^  that  the  temperature  after  tp  can  be  represented  by 


2aH  ^ 

k 


Vat  lerfe  "  V«(t*tp)  ierfc 


2\/a(t*tp) 


(2) 


The  maximum  temperature  Is  attained  following  the  end  of  the  ^Ise,  at 
a  time  which  varies  both  with  x  and  tp,  the  pulse  length.  For  the  front 
surface,  x  -  0,  the  maximum  temperature  occurs  at  tp,  so  that 


*m  -  ^  (‘561*) 

Thus  the  exposure  to  attain  w^  at  x  -  0  Is  given  by 


Ht 


P 


1.128  a\/o 


(3) 


(U) 
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it  a  depth  x  beneath  the  eurface^  the  naxlnus  teaperatnre  ie  attained 
at  eoiiie  tline  later  than  tp>  which  we  shall  designate  ae  t,.  This  can  be 
found  b7  differentiating  (2)  with  reepsot  to  tins  and  setting  equal  to  zero. 
However,  it  was  found  easier  in  practice  to  evaluate  the  poijifcs  near 
nunericallj  and  thus  deteraine  values  of  ta  and  iqt  for  several  values  of  tp 
and  a  within  our  range  of  interest.  lAider  these  circunstances  tbs  critical 
exposure  is  given  bj 


Equations  (li)  and  (5)  are  plotted  in  Fig.  2  for  two  cases,  showing 
the  typical  behavior  of  these  Idealized  media.  Curves  S-I(l)  and  S-l(2) 
show  the  fi*ont  surface,  x  -  0,  and  sub-surface  depth,  x  ■  .05  cm,  respec¬ 
tively,  for  ^  •  SOO^b,  a  •  ,001  cm®  sec“^,  k  ■  .001  cal  cm"*’  sec"*"  ‘b"*, 
and  a  *  1.  Neither  of  these  curves  shows  a  reciprocity  obedience,  but  the 
curve  for  a  sub-surface  position  goes  through  a  nininun  which  is  quite  flat 
over  a  single  order  of  magnitude  in  pulse  duration.  At  short  pulse  lengths 
this  critical  exposure  begins  to  Increase,  indicating  that  larger  exposures 
would  be  required  to  produce  temperature -dependent  effects  beneath  the  sur¬ 
face  as  the  time  of  delivery  was  shortened  significantly’.  At  long  pulse 
lengths  the  critical  exposure  at  a  sub-surface  depth  approaches  that 
required  at  the  surface,  in  agreement  with  the  existence  of  a  smaller 
tenperature  gradient  within  the  medium.  The  occurrence  of  the  minimum  in 
the  Qp  vs.  tp  curve  is  a  f\inction  of  the  parameter 
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which  has  the  value  0.79  in  this  particular  case.  Changes  in  Wn  and  the 
absorptance  slnply  shift  ths  eurres  along  the  Qp  axis.  Changes  in  a  shift 
curve  S-l(l)  sinilarly,  with  the  slope  on  the  log  Qp  vs.  log  tp  curve 
remaining  constant. 

The  larger  separation  in  Qp  of  theee  two  curves  for  short  pulses 
indicates  that  any  phenomenon  which  is  tesperature  dependent  must  be  very 
sensitive  to  the  effective  value  of  S  existing  for  the  materlalj  and  that 
appropriate  obedience  to  the  reciprocity  law  can  be  attained  by  phenomena 
which  occur  at  a  threshold  temperature  beneath  the  surface.  A  temperature- 
dependent  effect  which  occurs  only  on  the  surface  would  not  be  e^qpected  to 
show  reciprocity  at  all,  unless  it  had  a  separate  time -dependent  mechanism. 

Most  actual  samples  encountered  in  studies  of  thermal  radiation 
damage  are  not  extensive  in  total  thickness,  so  that  the  use  of  the  above 
expressions  for  a  semi -infinite  medium  may  not  be  sufficiently  accurate. 

We  must  therefore  examine  the  similar  relations  for  a  finite,  opaque, 
homogeneous  slab  of  thickness  L,  assuming  that  it  is  insulated  from  its 
surroundings  and  irradiated  at  the  face  x  -  0  by  a  beam  of  flux  density  H. 
Carslaw  and  Jaeger”  give  for  the  temperature  rise  at  x  in  s\ich  a  slab 

w  -  >75*  7  -fierfc  +  ierfc  )  (7) 

*  /  2v/o^  2  N/5b  J 

where  the  constants  are  defined  as  previously.  An  alternative  form  of  (7) 

is 
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which  shows  ths  behswlor  of  w  at  largo  values  of  t  sore  easily.  For  very 
short  tines,  at  x  ■  0,  w  has  approxlnately  the  sasie  values  as  for  the  seml- 
inflnlte  case,  so  that  the  variation  of  Qp  with  tp  should  be  the  same. 
However,  at  tines  exceeding 

L» 

the  variation  of  w  with  t  is  approximately  linear,  since  the  last  tarn  in 
(8)  is  negligible.  Under  these  conditions  we  nay  write 


W 


aHt  ^  aHL  2L* 


aU 

k 


(9) 


Thus  for  X  <•  0,  the  naxinun  teaqperature  is  again  attained  at  t  ■  tp,  and 


Qp  -  Htp 


3octp+L* 


(ID) 


For  depths  below  t  hs  surface  the  maximum  temperature  is  attained 
after  tp.  Since  ths  pulse  is  cut  off  before  this  maximum  has  been  reached, 
it  is  again  necessary  to  form  a  solution  for  a  tine  t  >  tp,  or 


w 


00 

Z 

n*o 


Voc(t-tp) 


00 

Z 

n«o 


jierfc 

|iorfc 


ISSm  ♦  lerfc 
2  \/3i  2 


2nL*x 
2  Voc(t-tp) 


+  lerfc 


2(n»l)L-x 

2  Va(t-tp) 


3] 


(11) 
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This  can  be  written  as 

w,  -  ^  {A  -  B}  (12) 

Nuaerical  eraluation  of  (11)  to  obtain  the  variation  of  w  with  t> 
and  thus  determine  would  be  extremely  tedious  because  of  the  two  series 
expressions.  An  alternative  solution  was  to  use  an  electronic  analog  coa- 
puter  to  determine  the  values  of  t^  and  w||.  The  computer  was  set  up  to 
simulate  an  Insulated  slab  and  a  constant  iiqnit  voltage  was  used  to  produce 
the  pulses  of  irradiation.  The  maxlmm  voltage  produced  at  a  given  point  is 

V,  -  2^  {A  -  B}  (13) 

in  analogy  with  (12).  This  can  be  converted  to  reproduce  the  bracketed 
expression  on  the  computer  if  we  use  a  voltage 

where  N  is  the  number  of  amplifiers  used  in  the  coiqiuter  set-up.  Then 


We  evaluated  {A  -  B}  for  a  number  of  pulse  lengths,  setting  computer  time 
equal  to  real  time.  Using  equation  (12)  then 


H  - 

1 

2a 

(A-B) 

and 

S  - 

Htp 

(17) 

so  that 

*"m 

tp 

(18) 

2a 

{A-B} 
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Equations  (10)  and  (16)  ware  used  to  evaluate  the  Qp  variation  with 
pulse  length,  again  choosing  the  conditions  wjg  ■  500%,  a  -  1,  k  ■  .001  cal 
cm"^  sec"^  and  a  ■  ,001  cm*  sec"^.  Here,  however,  we  also  had  the 

condition  L  ■  0.1  cm.  These  curves  are  plotted  in  Fig.  2,  where  curve  IS(l) 
shows  the  variation  of  Qp  at  x  ■  0  and  IS(2)  shows  the  variation  at  x  ■  .05  cm. 

Curve  IS(l)  is  the  same  as  Sl(l)  until  about  3  seconds  pulse  length; 
beyond  that  it  approaches  an  asynptotic  value  due  to  its  insulated  condition. 
Curve  IS(2)  lies  below  SI(2)  at  all  points,  since  the  insulated  slab  loses 
no  heat.  Actually,  however,  we  have  found  that  the  computer-simulated 
insulated  slab  does  suffer  from  losses  equivalent  to  slight  cooling,  so  that 
the  curve  increases  at  both  long  and  short  tines.  The  truly  Insulated  slab 
of  conditicMi  IS(2)  should  approach  IS(l)  at  long  times,  since  all  the  teaqper- 
atures  within  the  slab  approach  one  another.  At  very  short  pulse  lengths 
the  true  cuznre  should  also  lie  below  that  plotted.  These  probable  curves 
are  shown  as  dashed  lines  in  Fig.  2.  It  is  significant  that  curve  IS(2), 
representing  the  mid-point  of  a  thin  (O.l)  slab,  sli^tly  cooled,  reaching 
500%,  is  reasonably  flat  from  0.1  to  10  seconds,  and  obeys  the  reciprocity 
relation  even  better  t  han  the  same  depth  in  a  semi-infinite  medium. 

IV.  EIPERIMENTAL  RESULTS 

1.  One  of  the  first  materials  investigated  in  regard  to  the  variation 
of  its  thermal  damage  with  exposure  tine  was  a  coated  paper  often  used  in 
this  laboratory  to  record  the  intense  images  from  our  thermal  radiation 
sources.  This  paper  is  actually  made  to  serve  as  a  liquid-vesicant  detector 
in  chemical  warfare  defense,  and  consists  of  a  heavy  (.010  inches)  paper 
which  is  coated  with  a  thin  layer  (approximately  .0005  inches)  of  olive 
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greon  paint.  The  coated  paper  is  designated  as  H6a1«  and  the  paint  as  M5« 
Type  2,  auule  by  the  Hilton-Davls  Chenlcal  Cospany,  Cincinnati^  0hlO| 
according  to  specification  JAN>P-27Uo  The  paint  apparently  contains  a  red 
dye  vhlch  is  Insoluble  in  the  paint  yehlcle  at  normal  room  temperatures^ 
but  becomes  soluble  when  liquid  vesicants  come  into  contact  with  It^  or 
when  the  temperature  is  raised  beyond  some  critical  level.  The  red  dye 
then  becomes  quite  visible,  and  when  exposed  to  beams  of  thermal  radiation, 
it  first  turns  red  in  an  area  corresponding  to  the  shape  of  the  beam.  If 
the  exposure  produces  still  higher  temperatures,  the  dye  is  separately 
deposited  in  a  glossy  melt.  Beyond  this  the  paper  begins  to  char  and  bum. 
Each  of  these  phenomena  can  be  used  as  a  criterion  for  studying  reciprocity. 

In  Fig.  3>  curve  V  shows  how  the  exposure  level  at  which  the  glossy 
melt  appears  varies  from  0.1  to  10.0  seconds.  The  determination  of  this 
level  is  approximate,  since  it  was  obtained  from  a  number  of  vesicant  papers 
exposed  to  the  image  of  the  carbon-arc  thenaal  source  and  mounted  on  a  dis¬ 
play  chart  showing  a  Qp  vs.  log  tp  variation.  By  matching  similar  surface 
appearances,  approximate  curves  for  the  threshold  phenomena  were  drawn 
directly  on  the  chart.  To  obtain  this  data,  the  carbon  arc  was  maintained 
at  a  given  Irradlance  level  while  the  pulse  time  was  varied. 

Cxirve  V  shows  that  for  long  times  the  exposure  level  becomes  nearly 
constant  with  tp,  but  that  for  short  exposures,  the  required  exposure 
decreases.  The  accuracy  of  the  method  is  not  sufficient  to  indicate 
idiether  the  slope  of  the  curve  is  significantly  different  from  that  for 
the  front  surface  threshold  of  the  insulated  slab.  This  paint  has  a  high 
absorptance  in  the  ultra-violet  and  the  visible  regions  of  the  spectrum, 
which  makes  it  quite  sensitive  to  radiation  from  the  carbon-arc  source. 
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Whether  the  reeotlona  InTolved  ere  t ine-dependent  is  not  knonn  to  this  writer^ 
but  the  observed  dete  ere  not  Inconsistent  with  e  pure  threshold  teiqpereture 
explenetlon  which  oorresponds  to  the  cese  of  the  insuleted  sleb  described 
previously.  The  very  shellow  depth  of  the  pelnt  layer,  which  is  apparent  in 
microscopic  observation  of  the  e:qposed  papers,  would  also  lead  to  this  con¬ 
clusion.  A  curve  which  shows  the  front  surface  slope  for  a  semi-infinite 
medium  is  plotted  in  Fig.  3  for  comparison. 

2.  A  second  phenomenon  which  has  been  of  special  significance  in 
thermal  radiation  studies  is  the  occurrence  of  disabling  skin  bums.  In 
this  laboratory  such  a  bum  (2-t-  mild)  has  been  defined*  as  an  area  on  a 
Chester-^rhlte  pig  where  surgical  examination  18-2U  hours  after  eiq>osure 
reveals  that  the  epidermal  injury  permits  easy  separation  of  the  epidermis 
from  the  demls,  and  the  latter  is  not  appreciably  damaged.  Althou^  the 
greatest  interest  in  this  laboratory  has  been  in  establishing  levels  of 
protection  from  such  bums  behind  material  assemblies,  we  have  also  accum¬ 
ulated  several  sets  of  data  on  the  occurrence  of  burns  on  bare  pig  skin, 
where  the  severity  is  2-*-N  or  more  severe.  Four  such  levels  are  Indicated 
on  Fig.  U,  giving  curve  B-QM,  which  represents  the  exposure  required  to 
produce  $0%  2-i-M  bums  in  a  set  of  exposures  of  white  pig  skin  to  the  QN 
solar  furnace  beam.  At  exposure  times  of  0.5  and  1.0  seconds,  the  effect¬ 
ive  exposure  for  $0%  bums  was  determined  using  statistical  methods*,  but 
at  0.11  and  0.17  second  exposures,  the  transition  from  no-buras  to  100)( 
bums  was  so  abrupt  that  the  ndd-point  of  the  small  Interval  between 
these  levels  was  taken  to  be  the  50^  level. 

These  bum  data  extend  only  over  one  order  of  magnitude  in  pulse 
duration,  and  indicate  strongly  that  a  Rdnianim  in  effective  exposure  level 


exists  in  the  vicinity  of  0.1  seconds.  Previous  studies^ of  such  bans 
have  indicated  that  the  skin  absorbs  heat  in  a  nanner  sinllar  to  that  of  a 
seni-infinite  nedlua  with  the  following  average  thermal  properties: 

k  -  .0018  cal  cm"*’  sec”*’  (‘b)"* 

f>  ■  1.20  cm  * 
c  ■  0.86  cal  pi”*  (‘b)“* 
a  •  .0017  cm*  sec”* 

Since  the  average  thickness  of  the  epidermis  is  approximately  0.008  cm,  it 
is  interesting  to  eongiare  the  exposures  needed  t  o  achieve  a  fixed  maxiamm 
temperature  at  that  depth  below  the  surface.  Using  the  relation  (5),  with 
x/2  ^  *  0.1  and  an  abaorptance  value  of  a  <■  0.5,  the  curve  of  Qp  versus  tp 
was  calculated  so  that  it  gave  the  same  value  of  Qp  as  the  experimental 
burn  data  at  tp  «  1.0  second.  At  this  pulse  length  a  maximum  temperature 
rise  of  70%  was  requlredi  curve  SI-.008  thus  produced  and  plotted  in  Fig.  U 
then  represents  the  exposure  levels  required  to  produce  this  maximum  temper* 
ature  at  .008  cm  beneath  the  surface  of  simulated  skin  at  various  thermal 
pulse  lengths.  This  curve  also  approaches  a  minimum  e:q>osure,  but  in  the 
region  of  tp  -  0,01  second. 

It  is  evident  that  the  slopes  of  curves  B-QM  and  SI -.008  are  not  at 
all  sinllar.  This  attests  to  the  impossibility  of  explaining  the  bum 
phenomena,  which  are  governed  by  a  reaction  rate  strongly  dependent  upon 
tenperature**,  in  terms  of  a  maximum  tenperature.  A  more  useful  criterion 
might  be  the  Integral  of  the  tenperature-tlme  curve  above  some  threshold 
value.  Nevertheless,  the  position  of  the  minimum  in  curve  SI-.008  certainly 
shows  that  the  maximum  tempsrature,  if  used  as  a  criterion,  must  occur 


deeper  within  the  skin  In  order  to  shift  It  to  lonfer  pulse  durations. 

Further  experlnental  evidence  for  such  bums  can  be  obtained  Aron 
the  cunulatlve  data  of  the  University  of  Roebsster^*’,  shown  as  curve 
In  Fig.  h.  These  data  (the  averages  of  which  are  plotted  In  Fig.  U)  cover 
two  orders  of  magnitude «  from  0.3  to  30  seconds.  No  evidence  of  a  mlnlsum 
Is  seen  for  the  averages,  although  single  experiments  have  indicated  that 
It  exlsts^^.  The  slopes  of  the  two  experimental  bum  curves  are  essentially 
the  sane  In  the  region  where  they  overlap.  The  e:^osure  levels  of  the 
curves  are  different,  presumably  because  of  the  spectral  differences  between 
the  solar  furnace  and  a  carbon  arc  source,  as  found  In  this  laboratory*. 

Fig.  li  also  shows  two  curves  which  portray  the  critical  exposure  to 
produce  a  temperature  of  70%  at  the  surface  of  a  solid  with  the  "skin'' 
dlffusivity  of  .0017  cm*  sec**^  (%)"*■  and  an  absorptivity  of  0.5,  both  for 
the  seml-lnflnlte  solid  and  for  a  slab  of  0.1  cm  thickness.  These  are 
labeled  curves  SI-0  and  IS-0,  respectively.  From  the  calculated  curves  It 
Is  possible  to  construct  a  curve  for  attainment  of  70%  temperature  maxlaium 
at  0.008  cm  beneath  the  surface  of  a  0.1  cm  slab;  such  a  curve  would  approach 
curve  SI-.008  at  short  pulse  lengths,  and  curve  IS-0  at  large  pulse  lengths. 

3.  The  behavior  of  thermally  Irradiated  fabric  Is  also  particularly 
Interesting  over  a  wide  range  of  exposure  durations.  In  order  to  Include 
this  behavior  It  was  necessary  to  select  a  specific  fabric  for  study:  a 
cotton  poplin  Army  fabric,  5  oz/yd*,  green  shade  116.  This  material  was 
exposed  to  the  solar  furnace  beam  while  In  contact  with  a  translte  block 
at  room  temperature.  Samples  exposed  at  a  given  pulse  length  were  examined 
carefully  and  the  exposure  levels  at  which  selected  criteria  began  to 
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appear  ware  noted.  The  criteria  used  were  (a)  discoloration  of  the  exposed 
surface,  apparently  due  to  a  tar  deposit,  (b)  charring,  caused  by  coBg>lete 
decomposition  of  cellulose,  (c)  sustained  flaming,  with  burning  through  the 
fabric.  The  nlnlnun  levels  for  each  of  these  erlteid.a  are  shown  in  Fig.  5. 
In  addition,  the  occurrence  of  ignition  during  exposure  was  also  noted  and 
used  as  a  separate  criterion,  also  plotted  in  Pig. 

The  slopes  of  the  curves  in  Fig.  $  all  seem  to  be  quite  similar,  but 
in  view  of  the  empirical  nature  of  such  data  this  cannot  be  taken  too 
literally.  The  curves  for  buming-^hrough  and  ignition  seem  to  merge  at 
long  pulse  lengths,  as  would  be  expected  when  the  heating  takes  place  more 
slowly.  For  exposures  longer  than  10  seconds  the  curve  for  ignition  has  a 
slope  which  is  anich  higher  than  that  observed  or  calculated  for  the  criteria 
used  with  other  materials.  This  slope  approaches  that  of  a  line  of  constant 
Irradlance  (H)  drawn  on  the  Qp  versus  t^  chart.  The  H  value  at  which  the 
criterion  becomes  independent  of  Qp  is  approximately  3°U  cal  cm'*  sec'^. 

The  meaning  of  this  behavior  is  that  ignition  depends  only  upon  H  at  long 
times  and  not  upon  the  length  of  the  exposure.  Since  prolonged  ignition 
produces  burning  through  the  fabric,  it  is  not  surprising  that  the  curve 
for  the  latter  criterion  becomes  identical  with  that  for  ignition. 

At  short  times  the  ignition  curve  coincides  with  the  curve  for 
charring.  This,  too,  is  reasonable  since  the  processes  must  take  place 
rapidly  and  ignition  will  thus  follow  charring  extremely  closely. 

U.  In  order  to  include  more  diverse  materials  within  this  study, 
l/U"  thick  saiiq)les  of  rock  maple  were  also  e]q>osed  to  the  image  produced 
by  the  solar  furnace.  These  samples  were  cut  from  a  1"  x  1"  square  rod 
on  a  circular  saw,  and  the  faces  were  exposed  without  further  smoothing. 
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Bach  Boqple  was  held  during  exposure  in  the  center  aperture  of  a  water- 
cooled  plate.  As  before,  samples  were  exposed  with  a  rarlety  of  irradiation 
levels  and  pulse  lengths. 

A  two-dlawnslonal  array  of  the  exposed  samples  was  made,  showing 
exposure  levels  as  ordinates  and  pulse  durations  as  sbsclssae.  Froai  this 
array,  data  could  be  extracted  to  draw  smooth  curves  for  the  charring  of 
the  wood  samples.  The  two  criteria  used  were  the  beginning  of  charring  on 
the  exposed  face,  and  complete  charring  of  the  face,  both  visually  determined 
from  the  array  of  samples.  The  cux*ves  for  both  of  these  criteria  are  shown 
in  Fig.  6.  The  slope  of  both  curves  suggest  that  sub-surface  effects  do  not 
control  the  appearance  of  charring  appreciably. 

Samples  for  radiant  exposure  were  also  made  from  a  1”  diameter 
nylon  rod.  These  were  cut  on  an  electric  hack  saw  to  have  an  average  thick¬ 
ness  of  1/8".  The  nylon  has  a  high  reflectance  and  is  also  partially  trans¬ 
parent,  so  that  higher  exposure  levels  are  required  in  order  to  produce 
suitable  changes  in  the  material.  These  were  achieved  by  using  a  second 
ellipsoidal  mirror  in  tandem  with  the  carbon  arc  image  so\irce,  such  that 
the  far  focus  of  each  mirror  was  at  the  same  point.  Thus  an  ixiage  of  the 
carbon  arc  crater  was  formed  at  the  near  focus,  of  approximately  the  same 
dimensions  as  the  source  itself.  This  image  was  quite  small,  and  had  a 
very  large  angle  of  convergence.  By  the  use  of  attenuating  screens  in  the 
common  focal  point  of  the  system  the  irradiance  could  be  varied,  and  the 
shutter  was  used  to  cut  the  beam  near  this  point  as  in  normal  carbon  arc 
operation. 

A  largo  number  of  samples  was  exposed  in  this  way  at  irradiances 
up  to  60  cal  cm**  sec’^  and  over  a  pulse  duration  range  of  0.1  to  20 
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seconds.  The  exposure  level  at  which  melting  just  began  on  the  nylon  surface 
was  detezmlned  by  comparing  these  sanples  at  the  various  pulse  lengths.  A 
second  level  at  which  the  melt  had  the  approximate  dimensions  of  the  image 

J 

area  was  also  determined  from  the  assembled  data.  Both  of  these  empirical 
etirves  are  plotted  in  Fig.  6.  No  effect  other  than  the  formation  of  a  brown 
melt  was  visible.  Tte  diathermancy  of  the  nylon  samples  caused  heating  of 
the  samples  all  the  way  throughi  however,  the  curves  indicate  that  the 
behavior  is  still  somewhat  like  that  of  a  surface  phenomenon, 

V.  DISCUSSION  OF  RESULTS 

Studying  the  response  of  a  material  to  thermal  radiation  in  terms  of 
its  departure  from  reciprocity  has  several  elements  of  the  empirical,  or 
heuristic,  approach,  with  attendant  disadvantages.  The  criterion  of  response 
is  in  most  cases  a  change  in  the  state  of  the  material,  visually  detemlned. 
Quantitative  measures  of  such  changes  are  preferable,  and  would  undoubtedly 
yield  results  with  less  "spread"  in  the  determination  of  a  critical  exposure. 
However,  the  development  of  a  quantitative  method  for  each  material  would 
grow  into  a  series  of  separate  research  problems,  and  while  useful  in  them¬ 
selves,  these  would  tend  to  obscure  the  general  view  of  material  behavior 
which  is  desired  here. 

A  more  serious  criticism  of  the  method  pertains  to  the  seemingly 
arbitrary  selection  of  the  criterion.  For  materials  whose  use  demands  that 
certain  changes  in  state  are  not  tolerable,  the  selection  was  not  really 
arbitrary.  For  others,  an  easily  identifiable  change  was  selected,  and  it 
is  of  course  possible  to  choose  other  criteria.  Such  choices  might  be 
pertinent  and  might  lead  to  varying  conclusions.  The  variety  of  materials 
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and  crltarla  of  damaga  used  In  these  discussions  Is  used  only  to  portray  a 
pattern  of  beharlor,  and  not  to  ]rleld  Inforaation  about  specific  physical 
or  chemical  processes. 

The  form  we  have  used  for  plotting  the  data  may  seem  eunberBome« 
particularly  for  the  calculated  curves  based  on  maximum  temperatures.  How¬ 
ever,  the  basic  philosophy  of  Irradiation  studies  rests  upon  the  calorimetry 
concept,  or  conservation  of  heat  energy.  From  this  point  of  view  the  mst 
fundamental  parameter  in  a  study  of  behavior  under  irradiation  Is  the  total 
energy  absorbed,  or  the  exposure,  k  true  calorimeter  would  obey  the  rec¬ 
iprocity  relation  completely,  giving  the  same  response  at  a  particular  expos¬ 
ure  value,  regardless  of  the  duration  of  irradiation.  Actual  systems  nay  be 
constructed  which  do  measure  this  exposure  over  a  range  of  pulse  durations, 
such  as  our  copper  disk  calorimeters  and  some  photochemical  solutions.  This 
makes  the  critical  exposure  an  independently  measurable  quantity,  and 
materials  can  thus  be  classified  according  to  their  deviation  from  the  ideal 
calorimeter  response.  Such  deviations  can  obviously  be  produced  by  a 
variety  of  causes,  but  these  are  probably  not  as  important  In  the  overall 
view  as  the  aisount  and  direction  of  the  deviations  from  reciprocity.  These 
could  be  plotted  differently  without  making  significant  changes  in  Inter¬ 
pretation.  For  exmple,  we  could  plot  critical  exposure  (Qp)  versus 
Irradlance  (H),  critical  exposure  (Qp)  versus  reciprocal  irradlance 
(tp/Op),  or  critical  irradlance  (H)  versus  pulse  duration  (tp).  In  prac¬ 
tice,  none  of  these  have  yielded  any  new  information  about  the  processes 
involved.  Furthermore,  the  plot  of  exposure  (Qp)  versus  pulse  duration 
(tp)  is  the  most  appropriate  in  the  es^erimental  sense,  for  the  reasons 
discussed  above.  Criticism  of  the  logarithmic  scales  has  often  been 
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Tolecdf  bat  wa  hara  fooad  ao  bottor  way  to  portray  tha  ohangaa  ancoontarad 
orar  aararal  ordara  of  Mffaltada  In  tiao«  and  uaually  abont  tiro  ordara  of 
napiitttda  In  axpoaora.  fartbamora>  tha  uoa  of  a  linaar  pulaa  tins  seala 
tsmpts  us  to  tha  "aaro  axtrapolatloa”;  a  proeasa  ahleh  la  not  at  all 
Juatlflabla  unlaaa  raelproeity  la  obayad  abaolataly.  Tha  coneapt  of  an 
Inatantanaoua  hast  paisa  (dalta  fanetlon)  is  a  useful  aathsnatleal  abstrao- 
tlony  but  it  cannot  ba  raallsad  through  graphical  extrapolation  of  azpar- 
inantal  results. 

Obriously,  thara  is  no  "typical"  rasponsa  of  a  natarial  to  t hemal 
radiation.  Such  phsnosiana,  hossrar,  often  hare  eurras  which  show  slnllar 
regions  of  rarlation  in  Qp  with  tp.  At  long  tines  tha  slope  on  tha  log  Qp 
versus  log  tp  chart  is  positive,  varying  between  taro  and  one,  if  the  chart 
scales  are  tha  sane.  Zero  slope,  of  course,  represents  constant  Qp  values, 
or  perfect  reciprocity,  while  a  slope  of  one  represents  constant  H  values, 
or  dependence  only  on  the  Irradlance.  It  is  difficult  to  inage  a  response 
which  denands  either  a  decreasing  critical  esposura  at  very  long  tinea,  or 
which  requires  an  Increasing  irradlance  at  such  long  tines.  Thus  for  long 
pulses  all  of  the  naterials  we  halve  ezanined  stay  within  the  positive  slope 
region,  between  saro  and  one. 

Many  phenonMna  also  exhibit  a  region  where  the  critical  ej^sura 
goes  through  a  nininunc  In  general  this  behavior  is  related  to  a  sub¬ 
surface  condition  which  must  be  present  before  tha  required  criterion 
appears.  Curves  which  exhibit  such  a  nlninun  probably  go  over  to  a  neg¬ 
ative  slope  at  still  shorter  pulse  lengths,  although  the  data  are  too 
scanty  to  establish  this.  The  nature  of  these  phenonena  indicates  a 
definite  need  for  very  high-intensity,  short-pulse  sources  of  themal 
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radiation.  Idoally,  sources  which  yield  10  calories  per  square  centiMter 
In  pulses  of  a  few  ■llllseconds  are  deelrablsy  but  this  would  require  an 
Irradlance  greater  than  1000  calories  cb"*  sec'^. 

This  negative  slope  Is  also  clearly  shown  In  the  calculated  curves 
for  sub-surface  attalnnont  of  a  given  tesperature  BaxlBUB.  This  seealngly 
odd  result  Is  sl^>ly  due  to  the  fact  that  although  the  pulse  tlM  Bay 
approach  aero  (the  abstraction  of  the  Instantaneous  heat  pulse),  so  that 
the  liradlance  approaches  an  Infinite  value,  nevertheless  both  the  critical 
exposure  and  the  tine  required  for  registration  of  a  sub-surface  te^>erature 
BsxlJBua  r«uin  finite.  For  a  nedlun  of  known  thickness  and  thenaal  prop¬ 
erties,  these  paraaeters  are  easily  calculable”. 

In  the  experinental  (or  sHpirical)  case  we  do  not  expect  auiterials 
to  behave  like  these  calculated  curves  for  short  pulses.  The  requlressmt 
that  H  Increase  even  more  rapidly  as  tp  decreases  will  undoubtedly  bring 
In  new  changes  of  state  which  destroy  the  constancy  of  exposure  conditions. 
Themal  shock  and  subsequent  ejection  of  aaterlal  fTon  the  surface  would 
Bake  It  Inposslble  to  carry  these  particular  damage  curves  Into  the  nlcro- 
second  region.  However,  for  pulses  of  the  order  of  Billiseconds  It  Is 
certainly  possible  to  continue  using  the  damage  criteria  we  have  defined. 

At  shorter  pulse  lengths  new  criteria  would  probably  be  need  to  be  set  up. 

The  most  useful  result  which  could  be  derived  from  this  sort  of 
study  of  thermal  deauige  Is  an  understanding  of  the  basic  phenoemna  taking 
place  In  the  naterlal.  This  would  Bake  It  possible  to  predict  the  behavior 
of  sinllar  materials  and  to  extend  the  applicability  of  experimental  data 
to  situations  and  conditions  not  easily  duplicated  or  slBulated  in  the 
laboratory.  Unfortunately,  this  result  can  seldOB  be  realised;  the  best 
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«•  can  do  is  to  olitaia  a  qaalitatlro  tindaratandliig  of  tha  phanoaana  and  the 
effeota  vhloh  rarlatlona  of  tha  paraaatera  will  bring  about. 

In  Fig.  2  plottad  aararal  eurraa  which  ahow  tha  baha^or  obaarrad 
In  tha  atudjr  of  thamal  daaaga.  Thay  rapranant  Idaallsad  ralatlonahlpa 
which  alight  ba  liadtlng  caaaa  for  apaelfle  matarlala.  Alao  ahown  ara 
achaaatlo  Indleatora  for  warloua  aachanlMa  which  affaet  tha  alopaa  of  tha 
curwaa.  Fig.  2  lUuatrataa  tha  aaln  point  of  thla  paper^  naaaly  that  tha 
beharlor  of  aoBM  apaolfic  phanoaMnon  mat  ba  placad  within  tha  frmawork 
of  tha  known  baharlor  In  idaallsad  aadla  In  ordar  t  o  claaalfy  and  undaratand 
Ita  dapendanea  of  Qp  on  tp.  Vhlla  this  proeadnra  maj  not  yield  basic  Infora- 
ation  about  tha  ehealeal  and  physical  ehangas  which  taka  place.  It  can  help 
us  cowpara  tha  material  with  one  whose  reactions  are  more  eoaplataly  under¬ 
stood.  It  can  also  aid  us  in  planning  tha  alteration  of  the  material  or  ‘ 
in  selecting  ita  area  of  beat  employment. 

All  of  the  phenomena  studied  experimentally  in  this  aurvay  deTslopad 
IrreTarsibla  changes,  while  the  currea  calculated  in  III,  B,  simply  dealt 
with  a  maximum  temperature  achlevenent,  a  rsTeralble  condition.  These  ara 
not  as  dirergant  as  they  might  seem,  but  some  of  the  IrreTerslble  phenomena 
we  classify  ara  related  to  the  achievement  of  a  specific  teiqperature  and 
others  ara  produced  by  temperature -dependent  reactions.  The  relationahlp 
la  seldom  a  linear  onei  volatile  products  and  latent  heat  are  u8uaJJ.y 
involved.  These  factors  tend  to  offset  one  another,  so  that  it  is  not 
possible  to  give  any  general  rules  regarding  the  effect  of  a  departure 
from  reversibility.  Since  thermal  damage  is  presumed  to  imply  a  panunant 
change  in  the  material,  reversibility  is  of  laportanoa  only  in  Interpre¬ 
tation  of  the  results  or  in  the  simulation  of  other  phenomena  in  labor¬ 
atory  experiments. 
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In  connection  with  the  eiaulation  probleBt  whloh  le  of  partloular 
iaportenoe  to  nuclear  weapona  thenul  effeota,  aore  attention  night  be  glren 
to  the  "reciprocity"  analjaia  preaented  here.  If  a  certain  irrerersible 
crlterlonj  aoch  aa  burning  of  skin,  can  be  claaaified  in  regard  to  ita  Qp 
▼ersua  tp  beharlor^  then  any  reproducible  phenomenon  which  can  be  forced 
to  yield  the  aane  eurTe>  under  the  aanB  enyironiental  conditional  could  be 
considered  aa  a  aultable  sinulant.  It  is  not  neeessaiy  that  it  actually 
ainulate  the  thenaal  or  chemical  prcpertlea  of  the  material,  and  it  is 
preferable  that  its  response  be  reversible  so  that  it  could  be  ueed  repeat¬ 
edly.  The  approach  is  frankly  empirical,  and  it  would  not  aid  in  under¬ 
standing  the  fundamental  processes  taking  place.  However,  it  would  provide 
a  workable  laboratory  sinulat(»‘,  with  different  criteria  being  used  for 
the  various  environments  employed. 

From  Fig.  It  it  can  be  confirmed  that  the  bare  skin  bum  data  do  not 
conform  to  the  attainment  of  a  temperature  maximun  on  or  beneath  the  surface 
of  a  solid.  However,  it  may  be  possible  to  find  a  value  of  the  parameter 
x/2  \^,  a  maximun  teiiq>erature,  and  a  slab  thickness  such  that  the  curves  of 
Qp  vs.  tp  would  nearly  coincide.  This  material  could  have  higher  yaluea 
of  z,  a  and  L  and  would  not  need  to  be  similar  to  skin  at  all.  In  general, 
a  simulant  would  be  more  useful  in  experiments  with  clothed  skin;  for  this 
new  values  of  the  parameters  would  need  to  be  derived  and  a  heat  acceptance 
rate  aiatching  that  of  skin  would  be  achieved.  Such  an  approach  avoids  the 
necessity  of  achieving  exact  simulation  of  the  thermal  properties  and  sub¬ 
sequent  interpretation  of  temperature  data  ip  terms  of  thermal  daauige. 


VI.  COIICLD810M8 

The  extraetion  of  definite  eoBclueions  from  a  aurvey  of  thia  type  ia 
difficult.  The  main  purpoae  of  the  work  waa  to  point  out  aiailaritiea  in 
behavior  of  diverae  aateriala*  to  aid  in  an  underatanding  of  thia  behavior 
in  tema  of  theoretical  relationahipa  and  to  indicate  the  uaefulneaa  of  the 
eapirlcal  approach. 

The  first  objective  waa  achieved  by  using  a  coamon  method  of  data 
presentation  for  existing  data  and  for  aoae  empirical  data  flrom  five  e]q)er- 
imental  studies.  The  dominant  factors  in  the  achleveaient  of  a  damage 
criterion  were  in  most  cases  identifiable. 

The  second  aim  was  achieved  by  using  attainment  of  a  given  teng>erature 
maxlmumj  either  on  the  surface  or  within  a  solid  material^  as  a  conceptual 
guide  for  curves  of  exposure  versus  pulse  duration.  The  generality  of  these 
curves,  even  though  the  criterion  is  artificial,  gave  us  a  very  useful  frame¬ 
work  for  examination  of  the  experimental  data.  The  existence  of  minima  in 
these  curves,  which  approximate  reciprocity  over  large  ranges  of  pulse  length, 
was  shown  to  be  a  function  of  effective  damage  depth  and  thermal  propei^ies. 

It  is  hoped  that  this  result  will  help  put  "reciprocity"  in  its  proper 
perspective,  although  it  is  not  intended  as  an  explanation  of  any  of  the 
experimental  data. 

The  third  objective  concerns  the  need  for  simulation  of  thermal 
damage  effects  in  laboratory  experiments.  Without  suggesting  any  specific 
materials,  it  was  pointed  out  that  coincident  curves  of  Qp  versus  tp 
would  signal  complete  success  of  the  simulation  effort,  regardless  of  the 
processes  involved  in  either  the  simulant  or  the  simulated  material.  The 
only  disadvantage  is  that  good  data  on  both  materials  are  required  in  order 
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to  •■tablloh  thli  eolacldmeo  of  eonroa.  Howararf  thla  would  ba  trna  for 
aagr  wathod  of  aianlatloB(  ae  aattar  how  azaet  it  wua  axpaetad  to  ba. 

A  final  eoaelualoBj  uhleh  parh^pa  aaad  net  ba  asplieitly  atatad, 
la  that  no  thanul  daaaga  erltarlon  ahonld  ardlnarllj  ba  axpaetad  to  ahow 
reelprocltj.  If  It  doea  aoan  to  glra  auoh  a  ralatlonahlp  It  la  probably 
duo  to  tha  reatrletad  rang#  of  pulaa  langtha  atndlady  or  to  a  doniaant 
photodiaaleal  raaetloa. 
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Figure  3.  Critical  Sxpoaure  for  Melting  of  Qye  on  Vesicant  Paper 
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Figure  5.  Critical  BxposaiTes  for  5“Oance  Poplin  on^Transite 
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Flgnre  7.  Ide*li*ed  Fonts  of  Exposure-Puise  Tine  Curres 


